Introduction
Ionizing radiation is a known carcinogen that has been implicated in the etiology of a number of human tumors, including breast cancer, glioma, lymphoma and sarcoma , but the role of induced genetic instability in the process of human carcinogenesis remains controversial (Marx, 2002; Sigurdson and Jones, 2003) . Radiation causes damage to DNA directly by the induction of double strand breaks (DSBs), or indirectly by generation of reactive oxygen species that damage sugar and base residues. The consequences of these lesions are the mutations, translocations, deletions and amplifications that are among the hallmarks of cancer cells. However, the direct relationship between the initial DNA damage response and the genetic instability and disorganized genomes of tumor cells is unclear. Radiation exposure, in addition to inducing an acute damage response, also has a strong component of heritable instability, detected using in vitro immortalized cell systems , and in hematopoietic stem cells (Kadhim et al., 1992) . The specific mechanisms involved are unclear, but continuous generation of reactive oxygen species has been proposed to be one of the factors responsible (Azzam et al., 2003) .
It is possible that the patterns of genetic alterations found in tumors induced by a single dose of ionizing radiation still bear the 'signature' of the inducing stimulus, either as a consequence of mis-repair of the initial DNA damage, or that resulting from 'heritable' chromosomal instability Kadhim et al., 1992) . In these cases, radiation-induced tumors may be distinguished from those that arise spontaneously by genome-wide investigation of patterns of genetic changes. An alternative view is that although radiation can be used to initiate carcinogenesis, the pattern of changes ultimately seen is a consequence of intrinsic genetic instability that develops during the process of tumorigenesis, whether induced or spontaneous. In this case, spontaneous and radiation-induced tumors may be expected to show similar patterns of genetic aberrations. We used highdensity genome-wide BAC microarrays containing over 19 200 BAC clones and covering more than 96% of mouse genome to address some questions above. The results presented in this paper indicate that many mouse tumor DNA samples contain a much higher level of instability than was previously appreciated, and that a single radiation exposure is reflected in extreme instability of a subset of the resulting tumors that arise many months later.
Results

Genome covering BAC microarray
In order to investigate genomic instability in radiationinduced tumors, we have developed high-density genomewide CGH microarrays containing over 19 200 BAC clones chosen to maximize coverage of the mouse genome. The coverage attained using these arrays corresponds to more than 96% of the euchromatic mouse genome, and no gaps exist that are greater than 100 kb except in gap regions in the current physical map (Gregory et al., 2002) . In contrast to previous approaches to the genetic analysis of mouse tumors, which relied upon the presence of informative markers in crosses between different mouse strains, CGH arrays can be used for quantitative genome-wide analysis of tumors from completely inbred strains. Previous CGH array approaches using both mouse and human clones, although genome wide, had a resolution of approximately one BAC clone per 1-3 Mb (Hodgson et al., 2001; Cai et al., 2002) . The high-density arrays now available provide a resolution of 5-10 BACs per megabase, giving essentially complete genome coverage for the first time. Genomewide high-density arrays with this level of resolution therefore allow an unprecedented view of the totality of genomic aberrations that accumulate during tumor development. We have exploited these arrays to carry out whole genome analysis of copy number changes in radiation-induced and spontaneous mouse tumors, in order to obtain a comprehensive view of the numbers and nature of changes involved in lymphomagenesis.
Comparison of patterns of genetic changes between spontaneous and radiation-induced thymic lymphomas
We have previously described a model of radiationinduced lymphoma in p53 deficient (p53 þ /À) mice (Kemp et al., 1994) . Although a large proportion of p53 þ /À mice develop spontaneous lymphomas with an average latency of 65 weeks, a single dose (4 Gy) of radiation accelerates this process by an average of 35 weeks. Tumors do not normally develop in wild-type mice in response to this radiation dose, demonstrating the sensitivity of this particular screen for radiation effects on tumorigenesis. Both spontaneous and radiation-induced lymphoma in p53 þ /À mice are clonal and of T-cell origin, and in almost all cases undergo loss of the remaining wild-type p53 allele (Cai et al., 2002; Mao et al., 2003) . Previous studies using microsatellite markers have demonstrated that these tumors have minimal contamination with normal cells, and exhibit widespread allelic imbalance on several chromosomes (Mao et al., 2003 (Mao et al., , 2004 . This model provided an ideal opportunity to search for patterns of genetic changes that may constitute signatures of the initial exposure to radiation.
We first compared the spectrum of changes detected in radiation-induced tumors from p53 þ /À 129/Sv mice, with those that arose spontaneously. A total of 20 spontaneous and 23 radiation-induced tumors were analysed using the complete 19K arrays. In an attempt to recognize any global patterns of genetic alterations in these tumors, we carried out unsupervised cluster analysis of the whole genome BAC profiles generated from all of the 129/Sv spontaneous and radiationinduced tumors. For this purpose, the genome was divided into bins of variable size based on the gain/loss frequency of all samples, and tumors showing gene copy number losses within a particular bin were denoted in blue, while those regions showing gains were represented in red (Figure 1) .
Remarkably, this unsupervised clustering clearly distinguished most of the radiation-induced 129/Sv tumors (HR tumors, mainly on the right, Figure 1 ) from most of the spontaneous tumors (HS tumors, Figure 1 ). A subset of radiation-induced tumors showed a surprisingly high level of genetic instability, with high levels of both gains (in red) and losses (in blue) distributed throughout the genome (Figure 1, tumors HR1, 7, (10) (11) (12) (13) 21 ). An additional set of about 10 129/Sv radiation-induced tumors exhibited primarily gains with relatively few BACs showing losses. On the other hand, only one of the spontaneous tumors (HS12) fell within the cluster of 26 radiation-induced tumors on the right side of Figure 1 . A small number of 129/Sv radiationinduced tumors clustered away from the majority that showed many alterations, and these showed more overall similarity to the spontaneous group (e.g., Figure 1 , tumors HR2, 4-6, and 18). Repeat analyses with additional arrays from separate print runs gave exactly the same results for the different categories of tumors. In addition, every array was checked by dye reversal (data not shown), indicating that the high number of gains and losses were not an artefact of consistent fluorescence ratio bias sometimes seen in microarray experiments.
Effect of genetic background on pattern of genetic changes in radiation-induced thymic lymphomas
Genetic background is known to affect the latency of radiation-induced mouse lymphomas (Saito et al., 2001) and an effect of genetic background has also been demonstrated on susceptibility to the heritable effects of radiation exposure (Watson et al., 1997) . We therefore investigated an additional set of about 40 tumors from p53 þ /À (129/Sv Â C57BL/6) F1 hybrids that show, on average, a longer latency than those from pure 129/Sv animals. Figure 1 also shows the results of unsupervised clustering of all of the radiationinduced tumors from these F1 hybrid mice (labeled GI or RF) using the same algorithm. Again, an important subset of the F1 hybrid tumors cluster together and show a high level of genetic instability, but this subset is distinct from the pure 129/Sv mouse tumors induced by the same dose of radiation. Most of the F1 tumors show a pattern of mainly losses (blue) and relatively few gains (red), in contrast to the patterns described above for the pure 129/Sv tumors ( Figure 1 ). For the F1 hybrid tumors, two obvious major categories were detected by this analysis, one showing extensive genomic instability and one group apparently more stable genomes. As was seen for the tumors from the pure 129/Sv mice, there is again no difference in the latency for tumor development between these two groups. Although the more stable F1 hybrid tumors and the spontaneous 129/Sv tumors have relatively few genetic changes, they nevertheless cluster into distinct groups, and can therefore be distinguished genetically from each other.
Common loss and gain regions in thymic lymphomas
Closer inspection of the cluster analyses in Figure 1 shows that even although the tumors can be clearly separated into distinct categories as a function of the degree of instability, there are some common regions of copy number gain and loss that are seen in almost all tumors, including many of the spontaneous tumors (arrows labeled A-H in Figure 1 ). For example, the horizontal line in red labeled H is on chromosome 15, and the BAC clone showing the highest frequency of amplification in this region contains the c-myc protooncogene, known to be frequently involved in T-cell lymphoma development (Alitalo et al., 1987; Uno et al., 1987) . Consistent losses are seen on chromosomes 4 (109.6-112. 
Verification of three regions by TaqMan assay
To verify that the regional copy number changes, particularly those that involved only one or a small number of BACs, were detectable by other approaches, we carried out Taqman analysis using gene-specific probes located within these BACs ( Figure 2 ). The minimal region of deletion on chromosome 14 (region D) contained the T-cell receptor alpha gene, which has also been show to undergo genetic alterations in lymphomas (Liyanage et al., 2000) . Detailed Taqman analysis of the number of copies of this gene in radiation-induced tumors from Figure 1 showed a good correlation with the presence of deletions as detected by the CGH arrays ( Figure 2c ). Additional studies were carried out using probes for the Ikaros gene, previously shown to be deleted in a proportion of mouse radiationinduced T-cell lymphomas (Okano et al., 1999) . Reduced copy number for this gene was found in about 30% of radiation-induced lymphomas (Figure 2b ), while consistent gains were found using a probe generated from sequences within a BAC clone from region G on distal chromosome 7 ( Figure 2a ). These data therefore verified that the copy number changes detected using the high-density arrays, even those that were highly localized and involved very small regions of the genome, could be confirmed by quantitative Taqman analysis. These data underline the potential of high-density arrays for rapid localization of genetic events and identification of target genes in mouse or human tumors.
Correlation between the number of genomic changes and tumor latency/histology Interestingly, we found no obvious correlation between the number of genomic changes, as reflected in this cluster analysis, and tumor latency. It might be expected that those tumors that show the highest degree of instability would have the shortest latency, but this is not the case (Figure 3 ). For example, tumor numbers HR2, 4-6, and 18 that are not within the scrambled category do not show any difference in average latency from those in the unstable category. Furthermore, there are no difference in histology among three groups. The lymphomas in present study are T cell similar to the previous studies (Kemp et al., 1994 , data not shown).
Whole genome profiles for different categorical tumors
Some representative whole genome profiles from tumors in the different categories in Figure 1 are shown in Figure 4 . For example, HR10 lies on the extreme right side of Figure 1 and is among the set of tumors with the most highly scrambled genomes. The individual chromosome profiles for this tumor (Figure 4a) show the presence of multiple genetic changes, both gains and losses, on every chromosome, consistent with the pattern in Figure 1 . In stark contrast, one of the spontaneously arising tumors (HS9) has a rather stable genome, with the only obvious intrachromosomal change being a deletion on distal chromosome 18 ( Figure 4b ). Radiation-induced tumor HR8 shows an intermediate pattern, with gains on chromosomes 1, distal 5, proximal 9, 10 and 15, as well as losses of several other chromosomes (Figure 4c ). In the spontaneous tumors, most of the changes that occurred involved whole chromosomes, while more localized events were normally seen after radiation exposure. Interestingly, the whole chromosome copy number changes in the spontaneous group rarely involved full single copy changes, but appeared to show intensity increases of less than 50%. This was not due to experimental sensitivity, as we easily saw full copy changes on the X-chromosome if the sex of sample and control was mismatched. One possible explanation of this is that gain or loss of whole chromosomes occurs in a subset of the spontaneous tumor cells, as a relatively late event in tumor development. This is, however, not in agreement with the results of microsatellite analysis of the same tumors for loss of heterozygosity (LOH), which indicated that most of the detectable imbalance events were in fact clonal, as shown by complete loss of chromosomal markers on certain chromosomes (Mao et al., 2003) . This apparent discrepancy may be reconciled HR2  HR3  HR4  HR5  HR6  HR7  HR8  HR9  HR10  HR11  HR12  HR13  HR14  HR15  HR16  HR17  HR18  HR19  HR20  HR21  HR22  HR23  HR24 Normal DNA HR2  HR3  HR4  HR5  HR6  HR7  HR8  HR9  HR10  HR11  HR12  HR13  HR14  HR15  HR16  HR17  HR18  HR19  HR20  HR21  HR22  HR23 if these tumors show LOH by nondisjunction followed by reduplication of the remaining chromosome. This mechanism would show clear LOH by microsatellite analysis but minimal or no change by CGH analysis (Cai et al., 2002) .
Comparison of recurrent changes between spontaneous and radiation-induced tumors
Some specific examples of single chromosomes with highly significant recurrent changes are shown in Figure 5 . The figure shows the compiled data for chromosomes 7, 9, 11 and 14 from all spontaneous and radiation-induced tumors, and clearly indicates the higher frequency of changes associated with radiation exposure. This composite profile identifies several regions of recurrent copy number changes, including Tcra (arrows, bottom panels) that are predominantly, but not always exclusively, in the radiation tumors. Some changes are only seen in the radiation-induced tumors, while many others are seen on both tumor sets, but are more prominent after radiation exposure.
Frequency of adjacent of gain and loss
One feature noted from inspection of these tumor genome profiles was that regions of amplification were frequently located adjacent to regions of gene loss (Figure 6a-c) , suggesting that these events may be associated, at least in the radiation-induced tumors.
We therefore carried out a statistical analysis of the cooccurrence of gains and losses within a series of 5 Mb bins distributed across the genome. A cooccurrence event was scored positive if BACs within the same bin showed both copy number gains and losses in the same tumor, and the results were plotted as the average number of events per tumor (Figure 6d ). This analysis showed that the radiation-induced tumors did indeed have a substantially higher number of gains adjacent to losses than the spontaneous tumors, and this difference could not be accounted for simply by the higher number of changes observed.
Discussion
The exact mechanisms of DSB repair, and the consequent genomic alteration at the site of breakage, have been extensively investigated (Ferguson and Alt, 2001; Khanna and Jackson, 2001 ). Mis-repair can result in translocations, gene amplification and/or deletions, and the frequent cooccurrence of gains and losses in the CGH profiles from radiation-induced tumors suggests that they are generated simultaneously during the repair process itself. It should, however, be noted that although the chromosome profiles give a linear representation of gains and losses, it is possible that these are no longer contiguous within the tumor genome, and may be distributed to different chromosome locations during the repair process or as a consequence of subsequent selection. Recent investigations of amplicon structure in breast tumor cell lines have revealed a surprising degree of complexity and variety in the types of genomic profiles detected (Albertson, 2003) . In some cases, apparently separate amplicons on different chromosomes are in fact combined and colocalized within single BACs isolated from a library generated from the tumor DNA (Volik et al., 2003) . Genetic instability in tumors has been characterized at the level of single nucleotides, small microsatellite sequences and whole chromosomes (Jallepalli and Lengauer, 2001; Rajagopalan et al., 2003) . Although the mechanisms that control small-scale changes (mismatch repair mechanisms) (Loeb et al., 1974; Ionov et al., 1993; Thibodeau et al., 1993 ) and large-scale chromosomal changes (CIN) (Jallepalli and Lengauer, 2001; Rajagopalan et al., 2003) have been widely studied, much less is known about the mechanisms that control structural defects, deletions, and amplifications. We conclude from this genomic analysis of mouse lymphoma that the majority of radiation-induced tumors carry a genomic imprint of radiation exposure. Interestingly, recent studies of lymphocytes from healthy former nuclear weapons workers have detected stable intrachromosomal alterations associated with radiation exposure (Hande et al., 2003) . Our studies demonstrate that initial damage from radiation exposure leads to at least four categories of radiationinduced tumors, which appear to have adopted different genetic instability profiles. It is possible that these patterns reflect the occurrence of early events in lymphoma development involving genes that control specific pathways. The most highly unstable pattern, shown by a subset of radiation tumors from 129/Sv mice, exhibit a 'scrambled' appearance, with very frequent losses and gains on multiple chromosomes. This could result from a genetic defect in mitotic recombination or nonhomologous end-joining, or another process that when mutated, causes large-scale genomic instability ( Are the high-frequency genomic alterations in radiation-induced tumors all implicated in the process of tumor development, or are they, as has been discussed (Marx, 2002; Sieber et al., 2003) bystanders that do not directly participate in the process? The fact that there are no obvious correlations with tumor latency is surprising, since it might be expected that a mechanism leading to increased genomic instability would increase the possibilities for acquistion of rate-limiting genetic events, and consequently to more rapid clonal selection of tumor cells. This could be taken as evidence for the bystander theory, but such an interpretation has to take account of the fact that the majority of the changes seen are recurrent, being observed in over 30% of the tumors studied. Recent studies showing that genomic changes in tumors are highly correlated with altered expression of many genes known to play diverse roles in cancer development however suggests that many copy number abnormalities in tumors are in fact functional . The short latency of radiation-induced tumors with relatively stable genomes, similar to those seen in the spontaneous tumors, indicates that clonal selection can proceed rapidly in the absence of largescale genomic instability. Possibly, the 'stable' tumors may have reached the same end point as the unstable tumors by mechanisms that affect gene expression more directly, for example by epigenetic routes to transcriptional activation or silencing (Jones and Baylin, 2002) . Further studies will be necessary to distinguish between these possibilities. The sensitized screen that we have used for radiationinduced genetic damage exploits the radiation sensitivity of p53 þ /À mice (Kemp et al., 1994) . It might be argued that the first consequence of radiation exposure is loss of the remaining wild-type p53 allele in the target cell, resulting in complete loss of genomic integrity. p53 is known to be involved in genetic instability, and its loss has been associated with development of aneuploidy (Bouffler et al., 1995; Fukasawa et al., 1996) . One argument that could be invoked to explain the results presented here is therefore that radiation exposure induces loss of the wild-type p53 allele, and that the genomic instability signatures observed are a function of this loss rather than a consequence of radiation per se. This is unlikely to be the explanation, however, since the spontaneous tumors that arise in p53 þ /À mice also lose the wild-type p53 allele (Mao et al., 2003 (Mao et al., , 2004 , but have a longer latency and relatively stable genomes.
We favor the interpretation that the highly rearranged genomes are the consequence of inactivation of a limited number of caretaker mechanisms at an early stage of tumor development. Whether the genes responsible for these pathways are inactivated directly by the radiation exposure, or subsequently during a phase of inherited genetic instability, remains to be established. Further studies are in progress to identify potential driver genes for these processes, and to exploit these high-density arrays for identification of genes that are involved in lymphoma initation or progression.
Methods
Mice and tumor induction
F1 hybrid mice were generated by crossing female p53 null 129/Sv with male p53 wild-type C57BL/6J. In all, 5-week-old 129/Sv mice, and (C57BL/6 Â 129/Sv) F1 hybrids of both sexes were exposed to a single dose of 4 Gy whole body g radiation and observed daily until moribund, then killed and autopsied.
Preparation of DNA
Thymic lymphoma and normal tissue were cut, minced in small pieces and placed in a microfuge tube containing 0.5 ml lysis buffer (100 mM Tris-HCl pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl). Proteinase K was added at a final concentration of 100 mg/ml and incubated at 551C overnight. The lysate was extracted twice with an equal volume of phenol : chloroform : isoamyl alcohol (25 : 24 : 1, v/v) (Gibco-BRL). DNA in the lysate was precipitated by addition of an equal volume of isopropanol. The DNA precipitates were redissolved in TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA).
Genome-wide BAC microarray
Mouse genome tiling path BAC clones were selected based on the mouse physical map (Gregory et al., 2002) . A computer program was developed to select clones with insert size in the range of 170-210 kb to achieve uniform array hybridization signals. BACs were robotically picked from the mouse RP23 BAC library (BAC/PAC resource) grown in 96-deep well blocks. DNAs were extracted and chemically modified using a previously described DNA pre-modification approach (Cai et al., 2002) in a 96-well format. All cloned DNAs were printed on hydrophobic glass slide surfaces using a BioGrid II array printer (BioRobotics). Typically, 200 ng of tumor DNA was first amplified and labeled with aminoallyl-dUTP (Sigma, St Louis, USA) using a random priming kit (Invitrogen) and then further labeled with cy3 and cy5 monoreactive NHS esters (Amersham, Piscataway, NJ, USA). DNA samples from 10 individual C57BL/6 mice were pooled and used as a normal control. In all, 1-3 mg of amplified and labeled tumor DNA and an equal amount of normal control DNA labeled differentially were mixed with 80 mg of mouse Cot I DNA (Invitrogen), dissolved in a formamide based hybridization buffer containing 50% formamide, 2 Â SSC, 5% SDS, 5% Triton X-100 and 10% PEG 17 000, heat denatured and annealed at 371C for 2 h to block repeats and then hybridized to BAC arrays. Hybridization was carried out in a shaker incubator at 371C for 16-20 h. Arrays were washed in 1 Â SSC with 0.5% SDS at 651C for 45 min and immediately scanned after rinsing with deionized water. Array images were quantified using ImaGene 4.0 (BioDiscoery, CA, USA). Custom Visual Basic Excel macro programs were developed for ratio data normalization and profile presentation. A BAC clone was judged as showing a significant gain or loss only when both spots passed the 2s.d. cutoff criteria in both experiments with reversed dye labels.
Clustering analysis
CLUSFAVOR (Peterson, 2002) was used for unsupervised hierarchical cluster analysis (HCA) of transcription profiles. HCA is an exploratory multivariate statistical method to identify 'natural' groupings of objects considered in an analysis. Consider expression values of i ¼ 1, 2, y, n loci arranged in rows and j ¼ 1, 2, y, p samples (mice) arranged in columns. When clustering samples, the Euclidean distance, D(r, s), between samples r and s is
where X ir and X is are the loss (À1) and gain ( þ 1) values of loci i on samples r and s and the summation is overall i ¼ 1, 2, y, n loci (0pD(r, s)o þ N). Clustering began by searching for the lowest value of D(r, s) among all p(p-1)/2 possible pairwise distances between samples. Once the lowest D(r, s) was identified, arrays r and s were joined to form a new 'node' u with n u ¼ n r þ n s elements. Distances between the newly formed node u (comprised of samples r and s) and all other nodes v (or samples) were calculated as where D(r, v) is the distance between nodes r and v joined previously, D(s, v) is the distance between nodes s and v joined previously, and n u , n r , and n s are the number of samples in the nodes. This method of agglomeration is known as the unweighted pair-group method using arithmetic averages (UPGMA). After all of the new distances between node u and other nodes were calculated, a search for the lowest distance remaining was conducted again, which was followed by calculation of new distances. This was performed repeatedly pÀ1 times until all samples were agglomerated. The CLUS-FAVOR algorithm first clusters the samples, and then the loci (when specified). During clustering of loci, values of X rj and X sj were summed over all j ¼ 1, 2, y, p samples to obtain D(r, s). Following calculation of the n(nÀ1)/2 values of D(r, s), node agglomeration was performed over nÀ1 steps. Dendogram lengths shown in cluster image displays represent the distance at which each node is joined so that shorter branch arms denote shorter distance between nodes. Blue color represents detectable loss (À1), red color represents detectable gain ( þ 1), and yellow represents no detectable loss or gain observed.
TaqMan assay
We designed TaqMan primers and probes using the Primer Express Oligo Design Software v1.0 (Applied Biosystems). Probes were FAM probes designed specifically for TaqMan (Applied Biosystems). All primer sets were used to perform amplifications in triplicate on the ABI 7700 instrument (Applied Biosystems, Foster City, CA, USA). Reactions (50 ml) were performed in 1 Â TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 1.6 nM primer, 0.4 nM probe, 12.5 ng DNA. Cycling parameters were as follows: 951C for 12 min Â 1 cycle, (951C for 20 s, 601C for 20 s, 721C for 60 s) Â 40 cycles. Copy number is determined from the PCR cycle number (CT) at which DNAs reach a threshold amount of fluorescence above background. To normalize for differences in the amount of total input DNA, amplification at a reference locus was performed once per plate in triplicate for each individual DNA. The CT values for each set of triplicates were averaged. The Ct of the pooled reference was subtracted from the CT for each locus to obtain the DCT (DCT ¼ CT (locus)ÀCT (reference)). DCt values were determined for locus in tumor samples and a set of six normal genomic DNAs. The average of the six DCT values (DCT(normal)) measured from the normal DNAs was calculated once for each locus in this study and used in the subsequent calculations for all experiments performed on a single ABI 7700. DDCT ¼ DCt (tumor)ÀAverage DCT (normal). If DDCT>0.5, it means gain; If DDCToÀ0.5, it means loss.
